The latitudinal distributions of phytoplankton biomass, composition and production in the Atlantic Ocean were determined along a 10,000-km transect from 503N to 503S in October 1995, May 1996 and October 1996. Highest levels of euphotic layer-integrated chlorophyll a (Chl a) concentration (75}125 mg Chl m\) were found in North Atlantic temperate waters and in the upwelling region o! NW Africa, whereas typical Chl a concentrations in oligotrophic waters ranged from 20 to 40 mg Chl m\. The estimated concentration of surface phytoplankton carbon (C) biomass was 5}15 mg C m\ in the oligotrophic regions and increased over 40 mg C m\ in richer areas. The deep chlorophyll maximum did not seem to constitute a biomass or productivity maximum, but resulted mainly from an increase in the Chl a to C ratio and represented a relatively small contribution to total integrated productivity. Primary production rates varied from 50 mg C m\ d\ at the central gyres to 500}1000 mg C m\ d\ in upwelling and higher latitude regions, where faster growth rates ( ) of phytoplankton ( '0.5 d\) were also measured. In oligotrophic waters, microalgal growth was consistently slow [surface averaged 0.21$0.02 d\ (mean$SE)], representing (20% of maximum expected growth. These results argue against the view that the subtropical gyres are characterized by high phytoplankton turnover rates. The latitudinal variations in were inversely correlated to the changes in the depth of the nitracline and positively correlated to those of the integrated nitrate concentration, supporting the case for the role of nutrients in controlling the large-scale distribution of phytoplankton growth rates. We observed a large degree of temporal 0967-0637/00/$ -see front matter 2000 Elsevier Science Ltd. All rights reserved. PII: S 0 9 6 7 -0 6 3 7 ( 9 9 ) 0 0 0 8 7 -4 variability in the phytoplankton dynamics in the oligotrophic regions: productivity and growth rates varied in excess of 8-fold, whereas microalgal biomass remained relatively constant. The observed spatial and temporal variability in the biomass speci"c rate of photosynthesis is at least three times larger than currently assumed in most satellite-based models of global productivity.
Introduction
In the oligotrophic regions of the ocean, the supply of inorganic nutrients to the euphotic layer may limit the concentration of microalgal biomass, the rate of phytoplankton growth, or both. Microalgal standing stocks in the central gyres are generally considered to be limited by nutrient supply. However, a precise solution to the question of whether phytoplankton growth rate is nutrient limited or not in the main subtropical gyres of the ocean remains elusive after several decades of debate (Eppley et al., 1973; Goldman et al., 1979; Platt and Harrison, 1985; Laws et al., 1987; Falkowski et al., 1992; Banse, 1995) .
High growth rates can be sustained in nutrient-depleted waters if a tight coupling exists between regeneration of nutrients and their utilization by microalgae . However, the measured zooplankton grazing rates and abundances are consistent with slow rather than fast phytoplankton growth (Jackson, 1980) . The observation that the composition of the particulate organic matter (POM) in the open ocean roughly follows the Red"eld ratios has been proposed as evidence for the lack of nutrient limitation of phytoplankton growth , although the interpretation of POM compositional data in nutrient-depleted areas is greatly confounded by the large contribution of detritus and bacterial biomass (Fuhrman et al., 1989; Malone et al., 1993) . Following Goldman's view, the oligotrophic regions could be regarded as highly balanced, quasi steady-state systems where phytoplankton are growing at near maximal rates ( '1 d\). In this scenario, temporal variability of productivity is small, and zooplankton are the main controlling factor through grazing and regeneration of nutrients (Banse, 1995) . If, on the other hand, nutrient depletion causes low phytoplankton growth rates ((0.3 d\), events of nutrient enrichment (e.g., Glover et al., 1988 ) will account for a major fraction of the annual primary production (Platt and Harrison, 1985) . Accordingly, higher temporal variability in productivity will be expected and coupling between biomass production and consumption would not always be tight, thus a!ecting the export rate of the system . An additional implication is that nutrient-dependent physiological parameters should be incorporated into global models of production .
The range of estimates of phytoplankton growth in nutrient poor waters of the open oceans spans more than an order of magnitude from &0.1 to '1.5 d\ (see review in Eppley, 1981) . Early reports of low productivity in the subtropical gyres (Steeman-Nielsen and Jensen, 1957; Thomas, 1970; Eppley et al., 1973) have been considered to be in error due to methodological de"ciencies (Fitzwater et al., 1982) . Nevertheless, work carried out in oligotrophic waters using trace metal-clean techniques still shows a large range in the rates of phytoplankton production and growth (Malone et al., 1993; Letelier et al., 1996) implying that the &old' measurements may not necessarily be underestimations. At the heart of this controversy lies a lack of knowledge about the temporal and spatial variability in the biology of the open ocean (Platt et al., 1989) . As pointed out by Eppley (1981) , horizontal and temporal variations need to be de"ned before any generalization about phytoplankton growth rates can be drawn. However, time series research programmes have no spatial resolution (Lohrenz et al., 1992; Karl and Lukas, 1996) , and conversely the studies dealing with large spatial scales usually do not include a temporal component (Geider et al., 1993; Olaizola et al., 1996) . Another dimension of the problem is that low-nutrient, open ocean regions have recently been estimated to contribute 80% of the global ocean production and 70% of the total export production . Consequently, any uncertainties in the productivity estimates in these areas will have signi"cant e!ects on the predictions of global biogeochemical models.
The Atlantic Meridional Transect (AMT) programme o!ers a unique opportunity to conduct a basin-scale, quasi synoptic study of phytoplankton dynamics including a component of seasonal and interannual variation. Since September 1995, two meridional transects between Great Britain and the Falkland Islands have been carried out each year during the boreal spring and autumn. In this paper we report on the results from the "rst three cruises, which took place during September}October 1995 (AMT-1), April}May 1996 (AMT-2) and September}October 1996 (AMT-3). By describing the basin-scale, latitudinal patterns of phytoplankton biomass, composition and production in the Atlantic Ocean from 503N to 503S, we aim to test the following hypotheses: (i) Phytoplankton are growing at high rates ( '1 d\) in the oligotrophic regions, (ii) Changes in productivity are due to variations in biomass, not photosynthetic e$ciency, and (iii) Phytoplankton production and growth in the central gyres do not vary widely over time.
Methods
Three cruises were carried out on board RRS James Clark Ross on passage between Great Britain and the Falkland Islands during 21 September}24 October 1995 (AMT-1), 22 April}22 May 1996 (AMT-2) and 16 September}25 October 1996 (AMT-3) (see Fig. 1 for cruise tracks). During each cruise, a total of 25 productivity stations were sampled at intervals of approximately 270 nautical miles between 503N and 503S. Sampling was conducted between 1100 and 1200 local time. At each station, seawater samples for the determination of chemical and biological variables were collected from 5}10 depths in the upper 200 m of the water column with a set of 12 metal-clean, lever action Te#on Niskin bottles provided with silicone O-rings and seals. 
Irradiance, hydrography and nutrients
The vertical distribution of photosynthetically active irradiance (PAR, 400}700 nm) was calculated by integrating the measurements of downwelling irradiance made with a SeaOPS Satlantic sensor at seven SeaWiFS wavelength bands. Incident PAR was continuously measured throughout the cruises by a Delta-T Instruments PAR sensor. The vertical distributions of temperature and salinity were measured with a Neil Brown Mark IIIB CTD. Inorganic nutrients were measured colourimetrically on fresh samples using a Technicon AAII Autoanalyser and standard techniques.
Microplankton stock measurements
Vertical pro"les of in situ chlorophyll #uorescence were used to determine the sampling depths. Chlorophyll a concentration was measured #uorometrically on 250-ml samples "ltered through 0.2 m polycarbonate "lters and extracted in 90% acetone overnight. Calibration of the #uorometer was conducted before and after each cruise using pure chlorophyll a (Sigma) as a standard. Duplicate 100-ml samples for the identi"cation and counting of microplankton at selected depths were preserved in Lugol's iodine and 0.5% bu!ered formalin. Samples were allowed to settle in sedimentation chambers for 2}3 d and subsequently examined at 187 and 750 magni"cations under an inverted microscope. Cell numbers were converted into carbon (C) biomass as described by Holligan et al. (1984) . For picoplankton ((2 m), we calculated carbon biomass estimates by applying the conversion factors obtained by Zubkov et al. (1998) during AMT-3 using size-fractionation and #ow cytometry techniques. Using the AMT-3 database, we compared total phytoplankton-C estimates based on the microscopic cell counts with C estimates in which the picoplanktonic biomass had been calculated from #ow cytometry data. A highly signi"cant linear relationship (r"0.81, p(0.0001, n"59) existed between both types of estimates, and the di!erences in the total phytoplankton biomasses obtained from both approaches were not signi"cant (paired di!erences t-test, p'0.16, n"59) . Phytoplankton C estimates and derived parameters for AMT-3 were therefore calculated using the picoplankton abundances obtained from #ow cytometry data.
Productivity experiments
The rates of inorganic carbon "xation were determined at 5}7 depths on each station by means of simulated in situ incubations with the radioisotope C. Incubation bottles were cleaned by soaking them in 1 N HCl overnight and then rinsing them three times with deionized water. Seawater samples taken from the Niskin bottles were dispensed (through silicone rubber tubes) under dim light into 70-ml polycarbonate bottles, inoculated with 370}555 kBq (10}15 Ci) NaHCO and incubated for 6}7 h. Incubations started within 30 min of sampling and were terminated at sunset. We did not "nd any signi"cant di!erences between the average irradiance experienced by the phytoplankton populations during the experiments and the average irradiance measured throughout the day. Three light bottles and one dark bottle were incubated for each depth. Samples were placed inside acrylic neutral density tubes cooled with pumped surface seawater. Light pro"les were simulated, according to the vertical PAR distribution measured prior to the incubation, with a set of neutral density and blue plastic "lters. At the end of the incubations, samples were "ltered through 0.2 m polycarbonate "lters under low vacuum ( (100 mm Hg). Filters were exposed to concentrated HCl fumes overnight and then transferred to scintillation vials to which 4 ml of scintillation cocktail were added. Radioactivity on each sample was determined on a Beckman LS6000 SC scintillation counter. Quenching was corrected with the channel ratio method. The standard error of the productivity estimates typically represented less than 10% of the mean value. Dark bottle values were subtracted from the counts obtained in the light samples (Banse, 1993) . No signi"cant di!erences were found between the radioactivity measured in the dark samples and that measured in the light samples at the bottom of the productivity pro"le.
Results

Latitudinal distributions of temperature and nitrate
The vertical distribution of temperature from 503N to 503S illustrates the range of oceanographic regimes that are sampled during the AMT cruises and the temporal changes in the structure of the water column (Fig. 2) . The main patterns of temperature distribution during September}October 1995 (AMT-1) and September}October 1996 (AMT-3) were similar ( Fig. 2A and C) . In the Northern hemisphere, upper mixed layer temperature increased from ca. 173C at 503N to ca. 233C at 353N. The deepening of the 183C isotherm marks the region where the transect crosses the eastern region of the North Atlantic gyre. A marked outcropping of the isotherms took place from 253N to 203N, re#ecting the cooling of subsurface waters as a result of the coastal upwelling o! NW Africa. From approximately 203N southwards, the position of the thermocline deepened progressively until 153S, and thereafter the temperature of the upper mixed layer decreased steadily. From 353S to 453S, the transect crosses the South Subtropical Convergence (SSC) between the Brazil Current and the Falklands Current and surface temperature drops from '153C to (83C. We found undetectable ((0.05 M) levels of nitrate plus nitrite in surface waters over long stretches of the transect (Fig. 3) . The observed nutrient distribution in the oligotrophic regions agrees well with previous results obtained in both the North and the South Atlantic subtropical gyres (e.g. Frazel and Berberian, 1990; Hood, 1995) . The latitudinal variations in the location of the nutricline followed those of the thermocline, and consequently the vertical extent of the nitrate-depleted waters was larger in the South Atlantic gyre than it was in the North Atlantic gyre. Increased nutrient concentrations in subsurface waters were measured between 203 and 153N, indicating the proximity of the coastal upwelling area o! NW Africa (e.g. Codispoti and Friederich, 1978) . The increased subsurface nitrate concentrations persisted as far as 4}83S, re#ecting the e!ects of the equatorial upwelling (Oudot and Morin, 1987) . Highest nitrate concentrations ('10 M) in surface waters were always measured south of the SSC, where the vertical distribution of nutrients was relatively homogeneous.
The patterns of nitrate distribution in temperate latitudes changed markedly between cruises. North Atlantic surface waters were depleted of nitrate during the September}October (AMT-1 and AMT-3) cruises, whereas surface concentrations above 0.2 M and up to 2.5 M were measured from 353N northwards during the April}May cruise (AMT-2). On the other hand, surface nitrate depletion in the South Atlantic Ocean extended further south (353S) during the AMT-2 cruise as compared to AMT-1 and AMT-3 cruises. Although the latter were conducted during the same time of the year (September}October), some di!erences in the nitrate distribution were found between these cruises: (i) nitrate depletion in the eastern North Atlantic waters extended further north and on average further down in the water column during AMT-1 (Fig. 3A) , and (ii) measurable surface concentrations of nitrate ( '0.05 M) were found during AMT-3 throughout most of the southern central gyre (Fig. 3C) .
Chlorophyll a and phytoplankton biomass
We measured low concentrations ((0.4 mg m\) of chlorophyll a (Chl a) along most of the transect during the three cruises (Fig. 4) . Lowest Chl a levels were found in the equatorial region and in the tropical latitudes, where upper mixed layer concentrations were usually below 0.2 mg m\ and occasionally (especially during September}October 1996) below 0.1 mg m\. A distinct deep chlorophyll maximum (DCM) was present at the base of the euphotic layer at low latitudes, as previously reported in the Atlantic Ocean (e.g. Platt et al., 1983; Fasham et al., 1985; Frazel and Berberian, 1990) . The DCM was characterized by Chl a concentrations between 0.2 and 0.4 mg m\ and was deeper in the southern central gyre, re#ecting the deepening of the thermocline. The strong association between the location of the DCM and that of the thermocline is a well known feature of the tropical Atlantic Ocean (Herbland and Voituriez, 1979; Cox et al., 1982; AgustmH and Duarte, 1999) . The upwelling area o! NW Africa displayed a marked increase in Chl a, with concentrations above 1.5 mg m\ recorded on AMT-1 and AMT-2 (Fig. 4) .
The distribution of Chl a in the temperate regions showed signi"cant changes between cruises. During the boreal spring (AMT-2), increased Chl a concentrations ( '1 mg m\) were found in North Atlantic waters (Fig. 4B) , whereas the highest Chl a levels ('0.6 mg m\) we found in the southern end of the transect were measured during the austral spring (AMT-1 and AMT-3 cruises). The temporal changes in the abundance of phytoplankton pigment in the Atlantic Ocean are more evident when the latitudinal distributions of integrated Chl a during the three AMT cruises are considered (Fig. 5A ). During AMT-1, integrated Chl a concentration in temperate South Atlantic waters was about 45 mg m\, whereas values between 20 and 35 mg m\ were measured in the central oligotrophic gyres. No increase in integrated Chl a concentration was found in the southern end of the transect during the April}May cruise (AMT-2). Instead, we measured high Chl a concentrations (ca. 125 mg m\) in North Atlantic waters (483N). In general, the integrated Chl a concentration of the oligotrophic gyres remained within the range 15}30 mg m\, and di!erences between cruises were usually smaller than a factor of two. These Chl a levels fall well within the range of values reported during other large-scale studies in the North Atlantic subtropical gyre (Frazel and Berberian, 1990) , the equatorial regions (Herbland et al., 1985) and the South Atlantic subtropical gyre (Hood, 1995) . Picoplankton ((2 m) accounted for more than 60% of the total integrated Chl a during most of the transect, excluding upwelling and temperate regions, where phytoplankton larger than 2 m were the dominant size fraction (Fig. 5B ). This pattern was related to the distribution of the di!erent groups of photosynthetic plankton (see below).
Typical surface phytoplankton C biomass in the oligotrophic regions was 5}10 mg m\, whereas values between 20 and 60 mg m\ were measured in temperate waters and in the upwelling region o! NW Africa (Fig. 6A ). High productivity regions were characterized by an increased abundance of diatoms ( Fig. 6B ), whereas in oligotrophic regions diatoms usually accounted for less than 2% of total photosyntetic biomass. The abundance of photosynthetic plankton in the subtropical gyres exhibited little temporal variability (Fig. 6A) . In most cases, cyanobacteria (Synechococcus spp. and Prochlorococcus spp.) and small ()5 m in diameter) #agellates were the dominant groups, accounting for 70}90% of the total photosynthetic C biomass ( Fig. 6C and D) . The latitudinal distribution of the relative abundance of cyanobacteria showed a distinct decrease in temperate waters (Fig. 6C ), in close agreement with the observed Fig. 6 . Latitudinal distribution of surface (7 m) (A) total phytoplankton C biomass (mg m\) and the relative contribution (%) of (B) diatoms, (C) cyanobacteria and (D) #agellates to total phytoplankton biomass. Note di!erences in the >-axis scale.
reduction in the contribution of picoplankton to total integrated Chl a concentration (Fig. 5B) . The fact that the phytoplankton size structure in the oligotrophic Atlantic regions is dominated by picoplankton has repeatedly been observed since the early work of Waterbury et al. (1979) and Herbland and Le Bouteiller (1981) and re#ects a general feature of the open tropical ocean (Le Bouteiller et al., 1992) .
Other groups of phytoplankton like coccolithophores and dino#agellates represented a minor contribution to the total microplankton biomass (data not shown). Coccolithophores typically accounted for 2}10% of the total photosynthetic biomass and were less abundant in the upwelling region between 53N and 253N. Excluding a station at 203N during AMT-1, where high abundances of Gymnodinium galeaeforme were measured, photosynthetic dino#agellates usually contributed less than 4% to total photosynthetic C and were more abundant in northern temperate waters. Heterotrophic organisms (including heterotrophic dino#agellates and protozoa but excluding bacteria) were also a small component of the microplankton, their typical biomass representing less than 5% of the total microplankton biomass (data not shown).
During AMT-3, we collected samples from three depths at each station in order to evaluate the vertical variability in the abundance of each phytoplankton group. Despite the vertical di!erences in Chl a concentration, surface samples were representative of the composition of the phytoplankton assemblages throughout the water column. Fig. 7 indicates that the latitudinal component is more relevant than the vertical one in controlling the variability of phytoplankton composition in terms of the main taxonomical groups. In addition, comparison of the vertical distribution of Chl a concentration with that of total photosynthetic phytoplankton during AMT-3 (Figs. 4C and 7A, respectively) reveals that in general the deep chlorophyll maximum (DCM) was not a biomass maximum, but the result of a decrease with depth of the C to Chl a ratio. The same results were obtained during AMT-1 and AMT-2. Combining the observations carried out in oligotrophic areas (de"ned as the regions between 253N}403N and 103S}303S) during the three cruises, we found that the average phytoplankton-C biomass at the DCM was 10.43$0.76 mg m\, compared to 8.95$0.68 mg m\ for surface samples. A paired samples t-test revealed that the di!erences in phytoplankton-C between surface and the DCM were not signi"cant (p'0.1, n"25). The average surface to DCM phytoplankton-C ratio was 0.92$ 0.08, i.e. not signi"cantly di!erent from 1. In contrast, the average C to Chl a ratio in the oligotrophic areas on the surface (86.6$6.5, n"25) was twice as high as that measured at the DCM (39.6$5.2, n"25). These di!erences in the C to Chl a ratio between surface and the DCM during the three cruises were highly signi"cant (paired means t-test, p(0.001, n"25) . During AMT-3, the DCM only represented a biomass maximum at two stations in the northern central gyre and two subequatorial stations north of the Equator (Fig. 7A) . Between 03S and 353S, where a marked DCM was always present, no signi"cant di!erences were found in phytoplankton biomass between surface and depth.
During September}October 1996 (AMT-3), diatom abundance was important ( '10%) only in the upwelling area o! NW Africa and south of the south subtropical convergence (Fig. 7B) . Coccolithophores represented 5}10% of the total phytoplankton C during most of the transect (data not shown). Cyanobacteria contributed 40}60% of total photosynthetic C throughout the water column in low latitudes, their relative abundance decreasing below 30% in temperate regions (Fig. 7C) . The distribution of N -"xing "lamentous cyanobacteria (Trichodesmium spp.) during the September} October 1996 cruise (AMT-3) is shown in Fig. 7D . Although these species were Fig. 7 . Latitudinal distribution of (A) total phytoplankton C biomass (mg m\) and the relative contribution (%) of (B) diatoms, (C) cyanobacteria and (D) N "xing cyanobacteria during AMT-3. Contouring intervals are 10, 15, 20, 25, 30, 40 and 45 in (A); 5, 10, 20, 30, 40, 50 and 60 in (B); 10, 20, 30, 40, 50 and 60 in (C); and 0.1, 0.5, 1 and 2 in (D). undetectable during most of the cruise, they consistently concentrated in surface and subsurface waters between 203N and the Equator, reaching maximum relative abundances of 2.5% of total photosynthetic biomass. The same latitudinal distribution was found during the September}October 1995 cruise (AMT-1) (data not shown). Even though we are aware that our sampling procedures were not well suited for an accurate quanti"cation of the biomass of these species (see Capone et al., 1997) , our results consistently show that the abundance of N -"xing cyanobacteria increased dramatically in the region between the Equator and the upwelling area o! NW Africa.
Considering all the samples collected during the 3 cruises, we observed that the concentration of photosynthetic phytoplankton carbon biomass (Phyto-C) was strongly correlated to Chl a concentration according to Phyto!C"47.99($2.87) * Chl a#0.64 ($1.47) [r"0. 63, n"163, p(0.001] . Fig. 8 shows the relationship between Chl a concentration and phytoplankton C concentration separately for surface (7 m) and deep samples. In order to avoid any possible distorting e!ects by rare, extreme values on the regression analysis, samples with high values of Chl a concentration ('1 mg m\) and phytoplankton C concentration ('50 mg C m\) were excluded (less than 8% of all the samples). The slope of the regression line for surface samples was twice as large as that for deep samples, indicating higher C to Chl a ratios at the surface as previously mentioned. The correlation between Chl a concentration and phytoplankton C concentration at the surface (Fig. 8A) was stronger than at the DCM (Fig. 8B) , probably re#ecting the fact that the depth of the DCM was highly variable along the transect, therefore giving rise to changing C to Chl a ratios (see Discussion, Section 4).
In summary, the analysis of the distributions of Chl a concentration and the abundance of the main phytoplankton groups indicates that (i) cyanobacteria and small #agellates account for 70}90% of total photosynthetic biomass throughout the oligotrophic Atlantic Ocean, (ii) the DCM is not generally a biomass maximum but the result of an increased Chl a to C ratio and (iii) the temporal variability in phytoplankton biomass and composition in the oligotrophic gyres is relatively small (less than a factor of 2).
Phytoplankton production and growth
The major patterns of distribution of primary production during the three cruises were similar (Fig. 9 ) and re#ected the latitudinal variability of Chl a concentration (Fig. 4) . Higher rates of C "xation ('0.5 mg C m\ h\) were measured in surface and subsurface waters of the temperate regions and the area between the Equator and the upwelling o! NW Africa. By contrast, very low productivities ((0.1} 0.2 mg C m\ h\) were found in the central oligotrophic gyres and deeper waters throughout the transect. Excluding the temperate waters at both ends of the transect, picoplankton were responsible for most of the productivity, as the relative contribution of the (2 m size fraction to total productivity ranged between 60% and 80% Fig. 8 . Relationship between chlorophyll a concentration and phytoplankton C as estimated from cell counts for (A) surface and (B) deep samples collected during the three cruises. Samples with Chl a concentration above 1 mg m\ and phytoplankton C above 50 mg C m\ ((8% of all samples) were excluded from the analysis (see text for details).
(data not shown). This dominance of picoplankton in terms of their contribution to total productivity agrees with previous observations in di!erent nutrient-poor areas of the Atlantic Ocean (Platt et al., 1983; Iturriaga and Marra, 1988; Malone et al., 1993) .
The main patterns of vertical distribution of primary production were the same during the three cruises ( Fig. 9) : C "xation in the more productive areas took place mainly in surface layers. In general, primary production did not increase at the deep chlorophyll maximum (DCM). Using the AMT-3 data set, we estimated the relative contribution of the DCM to total integrated Chl a concentration and productivity by considering every sample where [Chl a] *1.5 [Chl a] belonged to the DCM. We found that, from 403N to 403S, the DCM accounted for 61.5$3.5% of the total integrated Chl a whereas its contribution to the total integrated productivity was 37.0$2.0%. Fig. 10 . Latitudinal distribution of daily rate of integrated primary production (mg C m\ d\). Fig. 10 allows an evaluation of the temporal variability of primary production in the Atlantic Ocean. In order to make our results more easily comparable with previous datasets, we converted the hourly production rates into daily rates by (i) taking into account the incident irradiance (PAR) integrated over both the incubation and the daylight time periods and (ii) assuming dark respiratory losses amount to 20% of the light C incorporation. Phytoplankton respiration is a temperature and growth rate dependent process, and its magnitude is likely to undergo large variations along a basin-scale transect. The chosen value (20%) is close to the lower limit of the range of respiratory losses measured in the ocean (see review by .
The di!erences between cruises in the integrated productivity in the temperate regions were obvious ( Fig. 10) : increased productivity ( '500 mg C m\ d\) took place at the northern end of the transect during the boreal spring (AMT-2) and at the southern end of the transect during the austral spring (AMT-1 and AMT-3). Marked temporal variations in primary production were observed in the central gyres and the equatorial region. In the northern central gyre (253N}403N), integrated production was very low (50}125 mg C m\ d\) during September}October 1995 (AMT-1), whereas typical values measured in the area during subsequent cruises were 250} 500 mg C m\ d\. Similarly, productivity in most of the equatorial region and the southern central gyre (103N}303S) increased by a factor of 4}5 during September}October 1996 (AMT-3) in relation to the two previous cruises.
In addressing the causes of this variability in large areas of the oligotrophic ocean during the AMT programme, two facts should be taken into account. Firstly, the observed di!erences between cruises were not systematic: similar integrated productivity values were measured between 03S and 303S during AMT-1 and AMT-2 and in the northern central gyre during AMT-2 and AMT-3. Even the variability in the primary production rates of the temperate regions was relatively small when the same seasons are compared. Secondly, the changes in productivity were not related to changes of Chl a concentration or phytoplankton biomass and composition, which remained relatively constant in the oligotrophic areas during the three cruises (Figs. 5 and 6) .
In order to assess the possible nutrient limitation of phytoplankton growth in the oligotrophic Atlantic Ocean, we estimated the daily speci"c growth rate ( , d\) of photosynthetic plankton according to the following equation:
where C is the photosynthetic carbon biomass as estimated from the microscope cell counts and C is the daily rate of carbon "xation once the e!ects of incubation irradiance and respiration have been accounted for (see above). Although the actual values changed between cruises, the latitudinal variations of surface followed a similar pattern on each transect (Fig. 11 ): (i) higher growth rates were measured in temperate waters and the region including the upwelling area o! NW Africa and subequatorial waters north of the Equator, (ii) increased with latitude during spring (southern hemisphere for AMT-1 and AMT-3 and northern hemisphere for AMT-2) and (iii) lower values were found in the central oligotrophic gyres. Average surface in the oligotrophic areas (de"ned as the regions between 253N}403N and 103S}303S) was 0.21$0.02 d\. There was a signi"cant inverse relationship (p(0.05, n"54) between the growth rate of surface phytoplankton and the depth of the nitracline as de"ned by the "rst depth where the concentration of nitrate was *1 M (Fig. 11) .
During September}October 1995 (AMT-1), we estimated growth rates below 0.3 d\ for the entire transect, higher values (*0.2 d\) being found in temperate and upwelling waters. Very low growth rates ((0.1 d\) were measured in the central gyres during this cruise. In general, estimated growth rates increased during April}May 1996 (AMT-2) and, especially, September}October 1996 (AMT-3). Values of close to 0.4 d\ were calculated for temperate waters of the North Atlantic during AMT-2 and the South Atlantic during AMT-3. In both cruises, an increase in was measured in the region between the Equator and 203N, although this increase was larger during AMT-3, when values up to 0.7 d\ (equivalent to doubling times of 1 d) were found in that region. Fig. 12 shows the vertical distribution of the estimated phytoplankton growth rate in the Atlantic Ocean from 503N to 503S during September}October 1996 (AMT-3). Growth rates usually decreased with depth, although a slight increase in was measured at the base of the euphotic zone in the southern central gyre. The main features already described for the surface distribution are also evident in this plot. Highest growth rates ('0.4 d\) were estimated for the upwelling and equatorial areas and for the temperate waters of the South Atlantic Ocean. The central oligotrophic gyres were characterized by low growth rates (0.1}0.3 d\) throughout the water column. The increase in surface and subsurface growth rates measured between 353S and 453S coincided with a marked increase in the nitrate concentration of the upper mixed layer (Fig. 3C ). The region with high growth rates between the Equator and the Mauritanian upwelling (03N}203N) corresponded with the area where N -"xing cyanobacteria were detectable (Fig. 7D) .
Biogeochemical provinces
The concept of biogeochemical provinces stems from the assumption that the ocean can be partitioned into regions with distinct physical, chemical and biological features and has been particularly applied to the estimation of global productivity using satellite imagery . Combining the results from three AMT cruises, we calculated average values of selected biological variables for each biogeochemical region sampled along the transect during each season (Table 1) . These calculations summarize the main patterns of latitudinal variation in phytoplankton biomass, production and growth. In addition, they highlight the relative importance of temporal versus spatial variability in the basin-scale distribution of phytoplankton. The "ve biogeochemical regions considered are [see Longhurst et al. (1995) for a detailed description]: (i) the North Atlantic Drift (NADR, 603N}403N), (ii) the North Atlantic Subtropical Gyre (NAST, 403N}253N); (iii) the North Atlantic Tropical Gyre (NATR, 253N}103N), (iv) the Western Tropical Atlantic (WTRA, 103N}53S) and the South Atlantic Tropical Gyre (SATL, 53S}403S). Table 2 shows the results of the one-way ANOVAs carried out to test the signi"cance of the di!erences between cruises and regions.
Slightly lower integrated Chl a concentrations were measured during September}October 1996, but the observed di!erences between cruises were not signi"cant (p'0.05, Table 2 ). Despite the observed latitudinal changes in phytoplankton abundance, di!erences in integrated Chl a concentration and surface phytoplankton C between provinces were not signi"cant due to the high variability within each region. As an exception to this pattern, surface phytoplankton biomass in the NADR was signi-"cantly higher (p(0.01, Table 2 ). No signi"cant di!erences were found between regions in integrated productivity and growth rate, even though major spatial changes were measured on each cruise. By contrast, the increase in production and growth measured during AMT-2 and, especially, AMT-3 was highly signi"cant (p(0.001, Table 2 ). These results would suggest that the regional partition used does not re#ect the appropriate scales for the spatial variability of phytoplankton production and growth in the Atlantic Ocean. However, a better seasonal coverage would be required in order to assess if the established limits between regions represent realistic boundaries. In any event, our observations stress the importance of temporal variability, which may override spatial di!erences.
Discussion
Phytoplankton growth in the oligotrophic regions
Our measurements of carbon "xation rates and phytoplankton carbon (C) biomass in the oligotrophic regions of the Atlantic Ocean imply growth rates ( ) that are well Table 1 Average and standard error (SE) values for selected biological variables at each of the "ve biogeochemical provinces sampled during September}October 1995 (AMT-1), April}May 1996 (AMT-2) and September}October 1996 (AMT-3) NADR (603N}403N)
NAST ( Int Chl a 1"2"3 n s 1 " 2 " 3 " 4 " 5 Surf Phyto C 1"2"3 1'2"5 Int Prod 1"2(3 n s 1 " 2 " 3 " 4 " 5 Surf 1(3 n s 1 " 2 " 3 " 4 " 5
Also included are the results from the a posteriori Student}Newmans}Keuls test (SNK, p)0.05) carried out to ascertain the di!erences between all paired groups. Numbers 1, 2 and 3 denote the three cruises: AMT-1, AMT-2 and AMT-3. For the biogeochemical provinces, NADR, NAST, NATR, WTRA and SATL are respectively referred to by the numbers 1, 2, 3, 4 and 5. Abbreviations as in Table 1 . p'0.05. p(0.05. p(0.01. p(0.001. below the theoretical maximum ( ). We calculated the latitudinal distribution of / by applying Eppley (1972) empirical relationship between temperature and maximum speci"c growth rate and assuming a 50% reduction of growth to correct for the e!ects of the photoperiod. Estimated surface phytoplankton growth in the oligotrophic regions averaged 15.6$1.9% of maximum growth. These results do not support the hypothesis that phytoplankton sustain elevated relative growth rates in nutrient-impoverished areas of the open ocean . Similar results have previously been reported by Goericke (1990) , Geider et al. (1993) and Malone et al. (1993) using di!erent techniques to estimate the growth rates of phytoplankton in the western Sargasso Sea. Other authors, however, reported high growth rates ( '1 d\) in oligotrophic waters of the North Paci"c gyre (Laws et al., 1987) and the equatorial Atlantic Ocean (Herbland and Le Bouteillier, 1983) . There is growing evidence that the observed discrepancies between estimates of phytoplankton growth in oligotrophic waters might re#ect the natural variability of biological rates rather than methodological de"ciencies (Laws et al., 1987; Malone et al., 1993; Letelier et al., 1996) . In this regard, Eppley (1981) cautioned against the practice of drawing generalities for large portions of the oceans. However, unlike previous studies, the data presented in this paper span ocean basin scales ('10,000 km) while including a component of seasonal change over a 14-month period. Despite the observed degree of temporal variability (see below), our results consistently indicate (average surface "0.21$0.02 d\) that growth of phytoplankton is slow in the oligotrophic areas of the Atlantic Ocean.
A number of methodological reasons could be invoked to account for the low growth rates estimated in nutrient-poor waters during the present study. Metal-clean techniques were used during collection and incubation of seawater samples throughout this study, and relatively high productivity rates (close to and higher than 0.8 g C m\ d\) were measured at a number of stations in temperate, upwelling and equatorial waters (Fig. 10) . Therefore, sample contamination can be ruled out as the reason for the low production measured in the oligotrophic regions. The actual rate of carbon "xation by phytoplankton can also be underestimated if intense recycling of C by the microbial food web takes place during the incubation (Peterson, 1980) . However, this e!ect is unlikely to in#uence the results of short incubations (6}7 h) such as the ones we used in our study, especially considering the relatively low biomass of microzooplankton (1}3 mg C m\, representing (10% of total microplankton biomass) and heterotrophic bacteria (2}4 mg C m\, Zubkov et al., 1998) found in the oligotrophic gyres as compared to that of phytoplankton (6}14 mg C m\, Figs. 6A and 7A) . In this regard, Gieskes and Kraay (1984) did not "nd evidence of label transfer to upper trophic levels during incubations lasting up to 12 h. Furthermore, given that we used a conservative correction factor to account for respiratory losses (20% of light C incorporation), our daily carbon "xation rates, if anything, would overestimate rather than underestimate net photosynthesis. This would be particularly true for the central oligotrophic regions, as the ratio between dark respiration and photosynthesis increases under conditions of nutrient limitation (Osborne and Geider, 1986) .
In surface waters of the central gyres during AMT-1 and, to a lesser extent, AMT-2, we measured productivities rates below 0.1 mg C m\ h\ and Chl a concentrations around 0.05 mg m\, which implied low assimilation numbers of about 1}2 mg C mg Chl\ h\. Diel variability in photosynthesis could have caused an underestimation of the productivities rates in C incubations lasting less than 12 h. Evidence concerning diel oscillations in phytoplankton photosynthesis is contradictory: the peak in C "xation rate may occur in the morning (e.g. Taguchi, 1976; Platt et al., 1980) or in the afternoon (e.g. Harding et al., 1982; PreH zelin et al., 1987) . Diel variability in photosynthesis appears to be regulated by complex interactions between photoperiod, cell nutritional status and taxonomical composition of the microalgal assemblages, and therefore it is di$cult to assess the extent to which it has a!ected our productivity estimates.
In order to evaluate the e!ect of the incubation time on the estimated C uptake rates, short (7 h) and long (24 h) incubations were conducted in parallel at 4 stations during the AMT-6 cruise (April 1998), following the same methodology that has been used throughout the AMT programme. A highly signi"cant correlation was found between the results of both types of experiments (r"0.87, n"16, p(0.001) , and the slope of the linear equation (0.86) was not signi"cantly di!erent from 1. These observations lead us to conclude that our incubation procedures were not underestimating the productivities in the subtropical gyres. In fact, low productivity to Chl a ratios, similar to the ones we measured during AMT-1 in the North subtropical gyre, have been previously reported for the oligotrophic regions of the Atlantic Ocean. Jochem and Zeitzschel (1993) measured surface assimilations below 0.3 mg C mg Chl\ h\ in the eastern subtropical North Atlantic, and Hood (1995) , working in the western subtropical South Atlantic, estimated P max values of 1 mg C mg Chl\ h\ at the 50% light level, thus implying assimilation numbers (1 mg C mg Chl\ h\. During AMT-3, and also in the subtropical North Atlantic during AMT-2, the assimilations we measured were signi"cantly higher ('3}4 mg C mg Chl\ h\). Given that the methodology used during the three cruises was the same, these di!erences are taken to represent natural variability in the productivity of the central gyres (see below).
Another source of error may arise from the estimation of phytoplankton carbon using microscope cell counts and constant conversion factors. However, there was a very strong correlation between estimated phytoplankton C (Phyto-C) and chlorophyll a (Chl a) concentration [Phyto-C"32.70($2.41) * Chl a#6.05 ($0.75), r"0.74, p(0.001, n"66 for surface samples, see Fig. 8A ], even though this ratio shows a large variability depending on the taxonomical composition, nutritional status and growth irradiance of the phytoplankton assemblages (Cullen, 1982) . In addition, the mean surface C to Chl a ratio [79.3$4.2 for the three cruises] is similar to those reported in the literature for phytoplankton in nutrient-depleted waters of the Atlantic Ocean (Herbland and Le Bouteillier, 1983; Malone et al., 1993) . Any signi"-cant underestimation or overestimation of the actual microalgal biomass would have resulted in anomalous C to Chl a ratios or a poor correlation between surface Chl a concentration and phytoplankton C concentration. We observed neither, which supports the use of these phytoplankton C estimates in the calculation of growth rates.
We also found good agreement between the latitudinal variations in cyanobacterial biomass and those of the relative contribution of picoplankton to total integrated Chl a concentration (Figs. 5B and 6C) . Furthermore, the mean cyanobacterial biomass in surface oligotrophic regions during AMT-3 estimated from the cell counts [1.8$0.3 mg C m\] was comparable, within a factor of 2, to that obtained from #ow cytometry [3.3$0.4 mg C m\] (Zubkov et al., 1998) . For AMT-3, we recalculated our total phytoplankton C estimates using #ow cytometry-derived picoplankton biomasses and found no signi"cant di!erences between these new estimates and the ones that were fully based on the microscopy cell counts. These results strongly suggest that our estimates were not severely misrepresenting the actual total biomass of phytoplankton. The comparison between these two sets of data indicates that in the worst scenario our C estimates would deviate from the real concentrations by a factor of 2, which would in turn imply an uncertainty level of a factor of 2 for the growth rate estimates. Nonetheless, our conclusion regarding the slow growth of phytoplankton in the oligotrophic region would still hold, given that our estimates of for these regions are lower than the maximum expected values by a factor of 4}5. From this assessment of the methodology used, we conclude that the low estimated growth rates in the oligotrophic regions truly represent substantial deviations from the maximum expected growth rates.
Low turnover rates do not necessarily presuppose limitation of phytoplankton growth if microalgae are intrinsically characterized by low maximum growth rates. It has been suggested that open ocean algae may have adapted to low nutrient conditions by losing their ability to grow fast (Jackson, 1980) . However, Brand and Guillard (1981) demonstrated that several species of microalgae isolated from oligotrophic waters have the same growth potential as those cultured in the laboratory, and numerous studies in the central gyres have found growth responses of phytoplankton to experimental nutrient additions (Eppley et al., 1973; DiTullio et al., 1993; Graziano et al., 1996; Dufour et al., 1999) . During the AMT cruises, we found dramatic increases in productivity and growth in some areas (e.g. the Equator) where the taxonomical composition of the phytoplankton assemblages did not change signi"cantly, which suggests the low values observed in the oligotrophic gyres are indicative of growth limitation rather than reduced growth ability of microalgae. In discussing geographical di!erences of phytoplankton growth, Banse (1993) suggested that the rates of microalgal division could be controlled by temperature-dependent changes in the rate of nutrient regeneration by zooplankton. If this were the case in the Atlantic Ocean, we would have found increased growth rates in the warm, tropical waters as compared to the temperate waters. The possibility that the latitudinal changes in phytoplankton growth were caused by variations in grazing pressure during the incubations is also unlikely, considering the short duration of the experiments and the relatively low and invariant distribution of microzooplankton abundance throughout the transect.
Irradiance has been shown to be a major factor controlling the temporal variability of the productivity rates during small scale surveys in the subtropical North Atlantic (i.e. Bidigare et al., 1987; Marra et al., 1992) . However, recent modelling with large observational datasets has demonstrated that changes in daily integrated irradiance explains only a minor portion ( (15%) of the variability in integrated primary productivity (Behrenfeld and Falkowski, 1997a,b) . In our study, we did not "nd any evidence supporting irradiance as an important factor in the determination of the large scale, latitudinal distribution of phytoplankton production and growth. Latitudinal variations in I during April}May 1996 followed an inverse pattern as compared to those observed during September}October 1996, but these di!erences did not result in comparable, contrasting patterns of productivity or growth. Lowest rates of surface productivity and growth were measured in tropical or subequatorial latitudes (Figs. 9}11) , where incident PAR irradiance (I ) was well above 600 mol m\ s\ (see Fig. 8 in Maran oH n and Holligan, 1999) . It is unlikely that these I levels were limiting for the growth of surface phytoplankton, considering that the saturation parameter, I I , very rarely exceeded 500 mol m\ s\ (Maran oH n and Holligan, 1999) .
When the latitudinal variations in phytoplankton growth rate were examined (Figs. 11 and 12 ), the following patterns emerged: (i) lowest values were measured in the central oligotrophic gyres; (ii) tended to increase with latitude during spring, and (iii) highest values were found in temperate waters and the upwelling region o! NW Africa. The close association observed between phytoplankton production and growth and the depth of the upper mixed layer suggests that nutrient supply could be the limiting factor for phytoplankton growth in the oligotrophic regions of the Atlantic Ocean. In order to estimate the latitudinal changes in the upward di!usion of nutrients from below the thermocline, we used the depth of the nitracline as a proxy for nitrate supply into the upper mixed layer (e.g. Malone et al., 1993) . During AMT-2 and AMT-3, a signi"cant inverse relationship existed between surface and the depth of the nitracline (for n"17, p(0.05; n"19, p(0.01; see Fig. 11) , and accordingly surface and the integrated concentration of nitrate over the euphotic layer were positively correlated. In some instances, however (particularly during AMT-1), there was a poor correlation between the position of the nutricline and the growth rate of phytoplankton. This lack of coupling may re#ect the dynamics of the relationship between the physical and chemical "elds and the physiological state of phytoplankton, which represents a delayed, integrated response to previous environmental perturbations (Harris, 1986) . Nevertheless, despite the great diversity of physical processes operating over large spatial scales (e.g. Olaizola et al., 1996) , we still found a signi"cant relationship between phytoplankton growth and the physical and chemical structure of the water column. Similarly, we have shown in a companion study that the light-saturated, chlorophyll a-normalized photosynthetic rate was inversely correlated to the depth of the nutricline (Maran oH n and Holligan, 1999) .
Our results emphasize the role of nutrient injection through the thermocline in controlling phytoplankton activity (Platt et al., 1992; Malone et al., 1993; Letelier et al., 1996) . Although nitrate was undetectable in surface waters from 303N to 303S, nanomolar nitrate increases in upwelling and equatorial waters, resulting from a shallowing of the nutricline, may have given rise to an enhancement of phytoplankton productivity and growth. Nanomolar increases in nitrate concentration have been shown to support high surface productivity in Sargasso Sea waters (Glover et al., 1988) , and an inverse correlation between integrated productivity and the depth of the nutricline has been previously reported in several nutrient-poor regions of the Atlantic Ocean (Herbland and Voituriez, 1979; Malone et al., 1993) . The notion of the phytoplankton growth rate being nitrogen limited in vast areas of the Atlantic Ocean agrees with the observed geographical distribution of the maximum quantum e$ciency of photosynthesis (Geider et al., 1993; Olaizola et al., 1996) and the results of nutrient addition experiments in the North Atlantic . Finally, the correlation between the abundance of N -"xing cyanobacteria and growth rate found between the Equator and 203N during suggests that biological "xation of atmospheric nitrogen can also be an important mechanism in sustaining high biological rates in nutrient-impoverished surface waters (see Karl et al., 1997) . These "ndings stress the necessity for future studies in the oligotrophic Atlantic Ocean of the latitudinal distribution of nanomolar nutrient concentrations and the rate of N "xation in relation to phytoplankton productivity and growth.
Vertical and latitudinal variability
The existence of a deep chlorophyll a maximum (DCM) represented the most obvious feature of the vertical distribution of biological variables throughout the transect (Fig. 4) . The DCM constitutes a widespread phenomenon in the world oceans and may be formed through a variety of mechanims (Cullen, 1982; Gould, 1987) including accumulation of cells from overlying waters, di!erential sinking rates, physiological photoacclimation and enhanced in situ growth sustained by nutrient di!usion through the thermocline. During the AMT cruises, we generally found little evidence to support the existence of a phytoplankton biomass maximum at the DCM (see Fig. 7A ). In the oligotrophic regions, were the DCM was most developed, the di!erences in phytoplankton-C biomass between surface (8.95$0.68 mg C m\) and the DCM (10.43$0.76 mg C m\) were not signi"cant (paired t-rest, p'0.1, n"25) .
In contrast, the average C to Chl a ratio at the DCM was 39.6$5.2, compared with 86.6$6.5 at the surface. These observations agree with those of Goericke (1990) and Claustre and Marty (1995) in the tropical North Atlantic and indicate that in oligotrophic waters the DCM is mainly the result of a decrease in the C to Chl a ratio, re#ecting the photoacclimation of cells to low irradiance and possibly higher nutrient availability (Cullen, 1982) . The low photosynthesis to Chl a ratios ((1 mg C mg Chl\ h\) and growth rates ((0.2 d\) are consistent with previous studies in the North Atlantic (Platt et al., 1983; Fasham et al., 1985; Malone et al., 1993) and suggest a slow turnover for the phytoplankton populations inhabiting the DCM. Accordingly, we did not "nd any signi"cant correlation between the depth of the DCM and the depth of the production maximum. Furthermore, the surface Chl a concentration was a better predictor of integrated productivity than the integrated Chl a concentration.
The uncoupling between the vertical distribution of Chl a and that of production contrasts with the results of Herbland and Voituriez (1979) , who found the depths of the DCM and the productivity maximum to be statistically the same in the eastern tropical Atlantic Ocean. A possible explanation for this discrepancy may be related to the e!ects of the equatorial upwelling in terms of increased vertical mixing, shoaling of the nutricline and nutrient enrichment of the upper mixed layer. These e!ects are particularly intense in the eastern tropical Atlantic (Vinogradov, 1981; Oudot and Morin, 1987) , where most of the observations by Herbland and Voituriez (1979) were conducted. If the upward di!usion of nutrients increases and the depth of the thermocline becomes shallower, phytoplankton at the DCM would respond with higher photosynthetic rates and an enhanced contribution to the total integrated productivity. Our observations in equatorial waters support this interpretation, as the magnitude of the DCM tended to be higher there (Fig. 4) , giving way in some cases to deep productivity maxima (Fig. 9) . By contrast, when the nitrate-depleted layer is deep ( '80}100 m) light limitation at the DCM prevents the existence of a productivity maximum. In conclusion, our results in subtropical and tropical areas not a!ected by the equatorial upwelling support the case for a relatively minor contribution of the DCM to total integrated biomass and productivity.
The changes along the transect in Chl a concentration and primary production re#ected the interaction between the physical "eld and the biological responses of the planktonic ecosystem (Figs. 4 and 9) . Accumulation of phytoplankton biomass and enhanced levels of productivity took place at those areas where increased vertical mixing allowed for the existence of higher levels of nutrients in subsurface, well illuminated layers (temperate waters during spring bloom conditions) or the depth of the nutricline shoaled, presumably favouring the injection of nutrients into a shallower mixed layer (upwelling and equatorial waters). These latitudinal patterns were also re#ected in the distribution of relative growth rates ( / ): highest values of / (0.6}1.0) were always measured at temperate latitudes during spring, indicating relatively fast growth of phytoplankton. Although surface Chl a concentration and integrated primary production covaried throughout the transect, the regression analysis showed that changes in surface Chl a explained less than 50% of the latitudinal variability in water column productivity. We interpret these results as suggesting that spatial di!erences in euphotic layer productivity are strongly dependent on the biomass speci"c rates of production (e.g. Malone et al., 1993) and not only on the levels of photosynthetic biomass. A similar mechanism is suggested below to account for the observed variability between cruises.
Temporal variability
We found an unexpected degreee of temporal variability when comparing the productivity and growth rates of phytoplankton in oligotrophic regions during di!erent cruises (Figs. 9}11) . Productivity and growth in tropical waters varied in excess of 8-fold, from &50 to &400 mg C m\ d\ and &0.05 to &0.4 d\, respectively. Given that the same experimental procedures were used throughout this study, these changes are considered to re#ect the natural variability in the dynamics of the phytoplankton assemblages. This interpretation is additionally supported by the results of the photosynthesis}irradiance (P-E) experiments, which were carried out independently in laboratory incubators (Maran oH n and Holligan, 1999) . The interseasonal changes in the P-E parameters coincided with those observed in the productivity and growth rates. Our "ndings con"rm recent results showing high temporal variability in open ocean, nutrient depleted waters (Malone et al., 1993; Letelier et al., 1996) and invalidate the traditional view of oligotrophic ocean regions as systems whose biological properties are constant over time. However, the available data do not allow us to determine which factors are responsible for the observed variability in the biological rates in the central gyres.
The increase in the productivity of the North Atlantic during April}May 1996 (AMT-2) as compared to September}October 1995 (AMT-1) can be related to seasonal changes in the structure of the water column (Fig. 2) a!ecting the depth of the nutrient-depleted upper mixed layer (Fig. 3) . During AMT-2, nutrient depleted waters extended latitudinally over a smaller area, and accordingly the depth of the nutricline was shallower on average (Fig. 3) . Similarly, the increase in water column productivity in the South Atlantic during September}October 1996 (AMT-3) as compared to the previous two cruises could be associated with the existence of detectable levels of nutrients in the upper mixed layer (Fig. 3) . This elevation of nutrient concentrations may be caused by several non-exclusive mechanisms, including increased di!usion from below the thermocline (e.g. Klein and Coste, 1984) and atmospheric inputs (e.g. Paerl et al., 1990) . Additional studies involving the determination of nanomolar nutrient concentrations are clearly required to con"rm the temporal association between nutrient supply and phytoplankton growth. It is important to stress that, in contrast with previous studies reporting temporal di!erences in productivity associated with variations in nutrient supply (e.g. Glover et al., 1988; Olson et al., 1990; Marra et al., 1992) , the changes we observed in the rate of primary production were not accompanied by a similar degree of variability in phytoplankton biomass, which remained remarkably constant in oligotrophic waters throughout the three cruises (Fig. 6) . The relative constancy of phytoplankton biomass in spite of the changes in productivity supports an important role for grazing as a proximate control of microalgal stocks.
Our observations are relevant to the estimation of global ocean productivity and the use of the biogeochemical province approach in conjunction with remote sensing measurements of phytoplankton pigments (e.g. Longhurst et al., 1995) . In their analysis of the variability of the phytoplankton community in the North Paci"c, Winn et al. (1995) stressed the importance of photoadaptation in determining the seasonal changes in Chl a concentration. These authors suggested that satellite-based estimates of pigment abundance should not be used to describe the temporal variations in algal biomass without correcting for the changes in the cellular Chl a to C ratio. In a similar way, our results imply a signi"cant degree of uncoupling between the changes in productivity and those of Chl a concentration, as the Chl a-speci"c rate of photosynthesis varied over more than 1 order of magnitude both geographically and temporally. This degree of variability in the biomass speci"c rate of primary production is at least three times larger than currently assumed in satellite-based models of oceanic productivity (e.g. Sathyendranath et al., 1995) and illustrates the limitations of the biogeochemical province approach, as Behrenfeld and Falkowski (1997a) have pointed out. Increased e!orts should therefore be devoted to the development of geographically continuous functions that are based on sea-truth measurements and relate relevant environmental variables to the biomass speci"c rate of phytoplankton production on a global scale.
